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Abstract—There is a significant demand for a decrease 
in the size, weight and power (SWaP) associated with 
wireless systems. In this research, a low-complexity 
MIMO OFDM system is advanced.  The proposed 
system is essentially multiplierless and thus requires 
much simpler digital hardware to be implemented.  As a 
result, the chip area associated with the MIMO OFDM 
system can be significantly reduced. The reduction in 
complexity is obtained via modification to the Fast 
Fourier Transform (FFT) and Inverse Fast Fourier 
Transform (IFFT) algorithms necessary to implement 
OFDM multi-carrier modulation.  Computational 
complexity is reduced by quantizing what are known as 
the “twiddle factors” in traditional FFT algorithms such 
as the Radix-4. The quantization allows for all 
multiplications to be done with values of one, negative 
one, zero or a value that is a power of two.  Replacing 
standard multiplications with trivial multiplications 
significantly reduces the computational complexity and 
allows for a simple hardware implementation.  
Depending on the application, different quantization 
levels can be utilized in order to obtain the necessary 
performance characteristics.  As more quantization 
levels are used, the system performance increasingly 
approaches the performance of a system that uses the 
conventional transforms.   
 
I. INTRODUCTION 
 
Multicarrier modulation commonly referred to as 
orthogonal frequency-division multiplexing (OFDM) allows 
the transmission of multiple modulated signals (or carriers) 
simultaneously over a single communication channel [1]. 
Notable wireless systems using OFDM are local area 
networks (IEEE 802.11a/g/n), metropolitan area networks 
(IEEE802.16a/e), wideband networking waveform used in 
JTRS, and other systems. In all of these systems multicarrier 
modulation is based on the discrete Fourier transform 
(DFT), as originally suggested in [3].  
This research is devoted to a computationally simple 
OFDM. We investigate both single-input, single-output 
(SISO) and multiple-input, multiple-output (MIMO) multi-
carrier modulation systems, as previously described in [1-3].  
We advance OFDM systems where the Fast Fourier 
Transform (FFT) and Inverse Fast Fourier Transform (IFFT) 
are multiplierless.  As with every simplification, there is a 
tradeoff associated with system performance. In order to 
assess this tradeoff extensive computer simulations have 
been performed. The simulation results indicate that the 
proposed simplified system is a practical and viable 
communication system.  
The paper is organized as follows. In section II we 
describe OFDM. In Section III we describe the novel 
approach. Section IV includes simulation results and 
Section V contains computational complexity comparison 
and conclusions.  
II. OFDM 
Let [ ]X k , 0,1,..., 1k N , be the sequence of 
information symbols, or carriers, after the bit-to-symbol 
mapping. This bit-to-symbol mapping can be quadrature 
phase shift keying (QPSK), 16 quadrature amplitude 
modulation (16-QAM), or another QAM modulation. All 
carriers are combined using the inverse DFT  
,  (1) 
where 
*
NF  is the inverse discrete Fourier transform matrix 
of size N N , where N is the number of carriers. Next, 
Cyclic Prefix (CP) is added to the OFDM symbol. After the 
CP has been added the resulting complex samples are 
transmitted by an in-phase and quadrature modulator. 
For simulation purposes statistical channel models are 
convenient to use. In this model the many scattered paths 
that may exist in a real wireless channel are replaced by L 
multipath components. With respect to the baseband, the 
channel can be modeled by an FIR model with  taps or 
channel coefficients:   
 (2) 
A Simple Approach to OFDM  
  
In this analysis, it is assumed that the channel can be 
characterized by slow fading and thus the channel impulse 
response does not change within one OFDM symbol.  
Furthermore, it is assumed that ISI occurs only during the 
CP, which is discarded at the receiver. The removal of the 
CP eliminates ISI and, equally importantly, converts the 
linear convolution between the transmitted symbols and the 
channel impulse response into a cyclic convolution.  The 
received signal  can be expressed as: 
 (3) 
The channel noise  can be described as Additive 
White Gaussian Noise (AWGN) with zero mean and 
variance  where  is the single-sided power 
spectral density.  The matrix  is cyclic with a first column 
equal to the channel impulse response:  
   
Therefore  
  (4) 
At the receiver, the DFT is performed: 
   (5) 
where  is the Discrete Fourier Transform (DFT) matrix of 
size . Ultimately   
  (6) 
In order for the relationships defined in this chapter to 
successfully represent a communication system, the 
information symbols that originated in  must be recovered 
in some manner from . Practical zero-forcing and MMSE 
detectors, described in the next section, can be used.   
Next, consider a MIMO OFDM system with  transmit 
antennas [1-3]. The transmitted signal can be described as 
   (7) 
 
where  is the Kronecker product and  is the size  
identity matrix. At the receiver 
 
.  (8) 
There are several equalization approaches, discussed next.  
A. ZF Equalization 
ZF equalization is the simplest technique in which the 
received signal is multiplied using a spatial filtering matrix 
 : 
   (9) 
After the matrix  is determined, then 
  (10) 
     (11) 
B. MMSE Equalization 
 
The MMSE algorithm uses a different spatial filtering 
matrix .   
   (12) 
Then  
  
   (13)   
The goal of the MMSE algorithm is to minimize the error 
between the transmitted signal  and the received signal  
according to the following criterion:  
 
  (14) 
Similar to ZF equalization the remaining error associated 
with  can be further reduced using optimal ordered 
successive interference cancellation. 
 
C. SIC with Optimal Ordering 
 
The first step in the implementation of optimal ordered 
successive interference cancellation is to determine the 
  
transmitted array  that most likely was received with the 
minimum collective power across all receiver antennas.  
This is determined by assessing the magnitude of each 
MIMO channel coefficient:  
  (15) 
After the computation of , the  associated with the  
that is the minimum of vector , will be estimated first 
using traditional SIC.  The SIC algorithm with optimal 
ordering ensures that the first estimate of  will have a 
lower probability of error than any other symbol estimate.  
As the error probability associated with a symbol estimate 
decreases, the likelihood of making incorrect decisions in 
the receiver reduces.  For the purposes of this description, 
the estimate of  with associated minimum , is declared 
as .  The process for estimating  with SIC 
requires the subtraction of all other values of , multiplied 
by the appropriate channel coefficient:  
 
It is important to note that the equation above includes the 
additive term  multiplied by its associated channel 
coefficient in order to clearly show that it is not subtracted 
from  like all other values of the vector .  If it can be 
assumed that the cumulative error included in all values of 
 approximately accounts for additive AWGN present in 
the received signal , then  can be determined in an 
iterative manner.  For each subsequent estimate of , all  
that have already been computed are utilized in place of 
estimates.  
 
III. Simplified OFDM Systems 
 
We introduce rounded  and  functions:   
  (16) 
  (17) 
where  is the round-off operation and  indicates 
the level of quantization. As the value of  is increased, the 
functions  and  approach the 
conventional  and  functions. Figures 1 and 2 
show  for k equal to 2 and 8, correspondingly.  
In general, the number of quantization steps is  
  (18) 
In binary digital arithmetic, multiplications with values of 
negative one, zero, one and powers of two are considered 
trivial. It is possible to select   that will result in a DFT 
matrix that consists entirely of values that provide trivial 
multiplications and thus permitting the matrix to be 
considered multiplier-less. This is achieved by utilizing 
values of  that are in fact a power of two:  
  (19) 
Simply utilizing values of  in accordance with (19) will 
not result in a matrix that consists entirely of values that are 
powers of two. For example, when , the DFT matrix 
will contain values of 0.75. Even though a value of 0.75 is 
not a power of two, it can be obtained via the addition or 
subtraction of powers of two. The non-trivial multiplication 
with 0.75 is replaced with two trivial multiplications (that 
are binary shifts) and one non-trivial addition.  
The rounded functions can be used to define a rounded 
complex exponential and an rounded DFT transform:  
  (20) 
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Figure 1: 5-Level Rounded Sine ( ) 
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Figure 2: 17-Level Rounded Sine ( ) 
However, in practice the DFT is computed using the FFT 
[4]. Therefore rounding is applied to the FFT algorithm, not 
on the transform directly. One such implementation of DFT 
is the Radix-4 Fast Fourier Transform.  The Radix-4 is 
derived by breaking up the original DFT equation into four 
separate summations by providing N/4 consecutive samples 
of  in each sum as dictated by Decimation In Frequency 
(DIF). The only multiplications are with respect to the 
twiddle factors associated with each  FFT. Figure 3 
illustrates the radix-4 FFT butterfly.  The first twiddle factor 
is:  
   (21) 
A quantized version of  can be defined as: 
   (22) 
The remaining three equations that comprise the Radix-4 
algorithm can also be quantized in the following way.  The 
second twiddle factor is  
   (23) 
The twiddle factor  can be expanded:  
This resulting complex exponential can be quantized. 
Following the same procedure, twiddle factors  and 
can also be made multiplierless to obtain a butterfly 
diagram shown in Figure 4, clearly showing the quantized 
twiddle factors.  
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Figure 3: Radix-4 FFT Butterfly Diagram 
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Figure 4: Rounded Radix-4 FFT Butterfly Diagram 
 
IV. Results  
Extensive computer simulation has been performed. The 
results generally indicate that the proposed simplification is 
a viable approach for values of k greater than 2. As k 
increases the results become virtually indistinguishable from 
conventional OFDM systems. Fig. 5 illustrates the 
performance comparison between a conventional and a 
multiplierless system for 16QAM bit-to-symbol mapping 
and k = 8. The wireless channel used this simulation has 
100 nanosecond RMS delay spread and Rayleigh fading.  
  
   For MIMO systems the results come closer to 
conventional OFDM for an even lower value of k. Figure 6 
shows the results for k=4.  
 
5 10 15 20 25 30 35 40
10
-4
10
-3
10
-2
10
-1
B
it
 E
rr
o
r 
R
a
te
Eb/N0
 
 
OFDM 16QAM
Rounded OFDM 16QAM
 
Figure 5: Performance comparison for k=8 with single 
transmit and receive antennas.   
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Figure 6: Performance comparison for k=4, MIMO with 
optimally-ordered ZF-SIC.   
IV. Complexity comparison and 
conclusions 
 
It this paper we propose a simple approach to OFDM, where 
the complexity in the orthogonal transform is reduced. The 
multiplications are eliminated, with only a slight increase in 
the number of additions. For example, the radix-4 algorithm 
normally has 208 non-trivial multiplications and 976 
additions. The transforms described here have 1032 
additions without any multiplications.   
 To make a better comparison, one needs to 
compare addition vs. multiplication.  
From [5] it is known that the multiplicative complexity is on 
the order of  greater than additive complexity:  
   (22) 
In equation (22) the notation   and 
  represent the minimum area-time complexity 
for -bit multiplication and addition respectively where: 
  
   
  
Therefore the aggregate computational complexity is 
reduced by a factor of approximately 50%. Such a reduction 
in the complexity is significant. For example, in many 
systems the DFT/IDFT operations are implemented on a 
dedicated chip, or application-specific integrated circuit 
(ASIC). In this case the described here approach allows 
savings in chip area and power consumption to be obtained. 
In other wireless systems, where reconfigurability is 
paramount, it is desirable to use field-programmable gate 
arrays (FPGAs). FPGAs can implement less complex 
algorithms than ASICs. The obtained computational savings 
make the advanced here approach a contender for an FPGA 
implementation.  
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